ABSTRACT: Cationic latex particles with surface amino groups were prepared by a multistep batch emulsion polymerization. In the first one, two or three steps, monodisperse cationic latex particles to be used as the seed were synthesized. In the third and fourth steps, the amino-functionalized monomer aminoethylmethacrylate hydrochloride was used to synthesize the final functionalized latex particles. Three different azo initiators 2,2Ј-azobisisobutyramidine dihydrochloride, 2,2Ј-azobisdimethylenisobutyramidine dihydrochloride, and 2,2Ј-azobisisobutyronitrile were used as initiators. Hexadecyltrimethylammonium bromide was the emulsifier. To characterize the final latices, conversions were obtained gravimetrically, and particle size distributions and average particle diameters were determined by transmission electron microscopy and photon correlation spectroscopy. The amount of amino groups was determined by conductimetric titrations. Colloidal aspects were ascertained by measuring the electrophoretic mobilities. Activation of these particles with glutaraldehyde produced an efficient reagent for latex-enhanced immunoassay. The covalent coupling efficiency (protein covalently bound with respect to the total amount of protein adsorbed) was compressed between 50 and 80%. The developed immunoreagent was applied to the measurement of serum ferritin concentration in a new turbidimetric procedure that was compared with a commercial nephelometric method; the results obtained with both methods demonstrated that the two procedures correlated well (r ϭ 0.992).
INTRODUCTION
The synthesis of functionalized latex particles is now directed to the production of polymeric colloids having functional groups able to form oriented bonds with proteins. Some of the surface groups, able to bond (directly or with preactivation) covalently amino acid protein residues, are amino, chloromethyl, and acetal groups. Although the synthesis of latices with amino groups is described, the polymerization of amino-functionalized monomers onto previously synthesized cationic seeds is not well known in the literature.
Several previous articles [1] [2] [3] [4] [5] [6] [7] [8] have described amino latex syntheses. In previous work, 9 seeded copolymerizations of styrene and the amino-functionalized monomers, aminoethylmethacrylate hydrochloride (AEMH) and vinylbenzylamine hydrochloride (VBAH), were carried out to obtain monodisperse amphoteric amino-sulfate latex particles. The surface amino groups lend cationic character to the particles, whereas the emulsifier and initiator systems supply the anionic charge.
The polymerization of an amino-functionalized monomer onto a seed previously synthesized with a cationic diazo initiator in the presence of a cationic emulsifier has also been described. 10 Cationic emulsifiers are not used commonly in emulsion polymerization. In this article, multistep seeded emulsion copolymerizations of styrene with the cationic comonomer [3-(methacryloylamino) propyl]trimethylammonium chloride (MA-NR 3 ) and the amino-functionalized monomers, AEMH or VBAH, were carried out to obtain cationic aminocontaining latex particles. The initiator and emulsifiers used were also cationic. The amino, amidine, and quaternary ammonium surface groups imparted the cationic character to the particles. High conversions (yields) of the amino-functional monomers were achieved, and high monodispersity was obtained for the majority of the latices.
Latex particles have been used 11, 12 extensively in research and diagnostics for the quantification of numerous biomolecules in different biological fluids. They possess a number of benefits including ease of production, a homogeneous procedure, and relatively high analytical sensitivity. 13 Recent reports 14 -16 have indicated that immunoreagents are more stable if functionalized particles bind proteins covalently because the chemical attachment is very stable over time. The use of amino-functionalized particles has several advantages over other functionalities (the binding agent, glutaraldehyde, is more stable than carbodiimide, and it can be used to form spacer arms 17 and allows a good antibody orientation).
In this work, we developed a new reagent for the measurement of human ferritin, with a fully automated turbidimetric procedure in a CobasMira clinical chemistry analyzer that achieves the high detectability required for clinical purpose applications. The process was optimized by activation with a low glutaraldehyde concentration, and the imino bond formed was stabilized by a reductive amination (a mild method of protein modification).
This approach is also widely applicable to prepare other turbidimetric or nephelometric tests for the automated measurement of numerous haptens or proteins.
MATERIALS AND METHODS
Styrene, freshly distilled under reduced pressure, was stored at Ϫ20°C until use. The initiators 2,2Ј-azobisisobutyramidine dihydrochloride (AIBA, Aldrich), 2,2Ј-azobisdimethylenisobutyramidine dihydrochloride (ADIBA, Wako), and 2,2Ј-azobisisobutyronitrile (AIBN, Fluka) were used as supplied. Hexadecyltrimethylammonium bromide (HDTAB, Aldrich) and dodecyltrimethylammonium bromide (Aldrich) were used as emulsifiers. [2-(methacryloyloxy)ethyl]trimethylammonium chloride (MAT-MAC, Aldrich) was used as a comonomer, and aminoethylmethacrylate hydrochloride (AEMH, Aldrich) was the functional monomer in the polymerizations to produce latices with amino surface groups.
The following reagents were obtained from Sigma Chemical Co. (St. Louis, MO): bovine serum albumin (BSA), Tween 20 (polyoxyethylene-20-sorbitan monolaurate), sodium borohydride, and glutaraldehyde (25% aqueous solution).
Double deionized water was used throughout this work. All other chemicals used were of analytical grade and used without further purification.
Synthesis of Seed Particles
Monodisperse core polystyrene particles were synthesized by batch emulsion polymerization. The seeds were synthesized in a single step with the recipes and reaction conditions given in Table  1 in a 1-L thermostatted reactor fitted with a reflux condenser, stainless steel stirrer, sampling device, and nitrogen inlet tube. The stirring rate was 250 rpm, the reaction temperature 70°C, and the reaction time at least 12 h.
Synthesis of Final Functionalized Latex Particles
The recipes and reaction conditions used to obtain the final latex particles are described in Tables 2-4. The reaction mixture was stirred at a rate of 250 or 200 rpm for 1 h at room temperature under a N 2 atmosphere. Once the reaction temperature was reached, the initiator solution was added. The reaction time varied depending on the step (see the tables). The final latex was removed from the reactor, and the polymerization was quenched with hydroquinone.
Latex Characterizations
The mean particle diameters (dp, nanometers) of the seeds and final latices were determined by Photon Correlation Spectroscopy (PCS, Coulter N4 Plus). The particle size distributions (PSDs) were determined by transmission electron microscopy (Hitachi H-7000 FA) on representative samples of N (used in Table 5 ) particles and analyzed with the Bolero (AQ Systems) package. Number-(d n ) and weight-average (d w ) diameters and the polydispersity index (PDI) were calculated from PSD. 18 After filtration of the latices with glass wool to eliminate coagulum formed in the reaction, if any, the conversion (X%) was determined gravimetrically. The latices were thoroughly cleaned by extensive serum replacement.
The surface density of amino groups was determined by conductimetric titrations, and the electrophoretic mobility measurements were carried out in a ZetaPALS analyzer (Brookhaven Instruments Corp., Holtsville, NY).
Antibodies and Covalent Coupling Protocol
Anti-ferritin antibody was immunopurified from rabbit hyperimmune serum on a human ferritinSepharose 4 Fast Flow column (Amersham Pharmacia Biotech, Piscataway, NJ) with standard procedures. 19, 20 The IgG antibody was eluted with 0.1 M glycine/HCl buffer (pH 2.5), immediately neutralized, and dialyzed against 20 mM of phosphate buffer (pH 8.0).
The antihuman ferritin IgG was covalently coupled to amino-modified latices with a procedure consisting of three steps. The first one was the activation of particle amino groups with glutaraldehyde. Latex particles at a final concentration of 5 mg of latex/mL 10 mM (pH 6.8) of phosphate buffer were incubated with glutaraldehyde solutions at different concentrations for 4 h at room temperature with continuous mixing. The residual aldehyde groups of microspheres could then be used for covalent binding of amino ligands, for example, proteins.
After removal of unreacted glutaraldehyde by repeated centrifugation and washing with starting buffer, the particles were resuspended in carbonate 0.1 M (pH 9.5) buffer, and antibody solutions were added and incubated overnight at 4°C. The stirring rate was 250 rpm, and the temperature was 70°C in all these polymerizations. The imine bond formed was unstable because it had the tendency to hydrolyze with time and give again amine and aldehyde groups. 21 To overcome this inconvenience, the particles were incubated with sodium borohydride in different solutions for 1 h at room temperature with continuous mixing. After removal of the reducing agent, the particles were washed with 0.1 M (pH 7.4) PBS, 1% Tween 20 solution to elute antibodies not covalently attached to the particles. Finally, the coated microparticles were resuspended (0.2 g/L) in glycinebuffered saline-bovine serum albumin (BSA) containing 0.17 M NaCl, 0.1 M glycine, 1 g/L of BSA, 1% Tween20, and 40 mg/L of N 3 Na (at pH 7.4) and kept at 4°C, sonicated briefly to provide a working latex reagent.
To optimize the coupling procedure, different parameters were varied: concentration of glutaraldehyde (2-0.125%), antibody added (2.5-0.15 mg/m 2 ), and concentration of reducing agent (10 -0.1 mg/ mL).
The degree of coverage was calculated by measuring the affinity-purified antibody coupled to latex with the copper reduction/bicinchoninic acid reaction (Pierce) and the measurement of the absorbance at 560 nm in the Ultrospec 1000 ultraviolet-visible spectrophotometer obtained from Pharmacia Biotech.
Immunoassay Procedure
The immunoreagent was adapted to the measurement of human ferritin in serum. The immunoagglutination reaction was carried out in a CobasMira Plus (Abx Diagnostic, Spain) clinical chemistry analyzer by turbidimetric assay. The conditions are summarized in Table 6 . The assay required two reagents-the assay buffer and the working latex reagent. In the CobasMira Plus, 90 L of latex were pipetted with 200 L of assay buffer into a cuvette. After 75 s of incubation, the agglutination reaction was started by the addition of 25 L of serum sample or calibrator, the reaction development was monitored at a wavelength of 600 nm for 5 min at 37°C, and the absorbance change was calculated in a kinetic rate mode.
The results of ferritin by turbidimetry with the prepared latex reagent were compared with those obtained by nephelometry with a commercial reagent in a BNII nephelometric analyzer (Dade Behring, Germany).
RESULTS AND DISCUSSION

Synthesis of Amino Latices
All the latices were characterized by measuring the conversions, the PSDs, and in the case of the final latices, the surface densities of the amino groups.
In Table 5 , the conversion (X%), mean diameter (dp, nanometers) of the particle obtained by PCS, the total number of particles (N) measured to determine the PSDs, and the calculated d n and The stirring rate was 250 rpm, and the temperature was 70°C in all these polymerizations.
AMINO-FUNCTIONALIZED LATEX PARTICLES
d w , and PDI are outlined. The PDI determinations showed that the final latex particles could be considered monodisperse (PDI index lower than 1.05).
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The conversions of the reactions presented in this work varied over a wide range. The conversion was determined gravimetrically, and the coagulated polymeric material was not considered. The conversions of the final latices were high enough to consider that a good yield of polymerization of the functional monomer was achieved.
The main objective of this work from the point of view of the syntheses was to obtain stable latices with functional amino surface groups. The cationic nature of the amino latices suggests that the best option for initiators and emulsifiers, if high stability is required, is to use initiators and emulsifiers of the same type, either cationic or nonionic. 10 The initiators used in the polymerizations carried out to obtain amino latices were the cationic AIBA and ADIBA and the nonionic AIBN. The emulsifier used was the cationic quaternary ammonium emulsifier HDTAB.
The comonomer MATMAC was used with the objective of giving additional electrostatic stabilization to the particles. The charge provided by this comonomer is not dependent on desorption phenomena as is the charge coming from the emulsifiers. The methacrylic group is responsible for the polymerization reaction, 23 and the quaternary ammonium group gives the cationic charge to the amino-functionalized particles. The conversions for the final latices formed onto the previously synthesized seeds were 91% or higher for all the reactions.
In Table 5 the values of the surface density of amino groups (C/cm 2 ) of the final amino-functionalized latex are depicted. In the case of two amino latices (MH4 and MH5), the initiator used in the final step of the polymerization was ADIBA, with the objective of avoiding the hydrolysis of the amidine group at high pHs. The latex with the intermediate surface charge (MH3) was obtained with the cationic initiator AIBA. The amino surface charges obtained agreed with the amounts of functional monomer used in the recipes to obtain the final latices.
Coupling of Antibodies
The effect of the concentration of glutaraldehyde used for the optimal generation of aldehyde groups is illustrated in Figure 1 . Solutions of glutaraldehyde between 0.125 and 2% were tested, concluding that high concentrations did not work well, and the best immunoreactivity was obtained with the lowest concentration (0.125%). This is contrary to the idea that glutaraldehyde should be added in a large excess to saturate the amino groups. In this approach, the glutaraldehyde concentration is sufficient to ensure that all amino X%: conversion; dp (nm): mean diameter obtained by PCS; N: total number of particles measured by TEM to determine PSD; d n , d w (nm): number-and weight-average particle diameters obtained from PSD; PDI: polydispersity index; (C/cm 2 ): surface charge density. groups can be activated, thus avoiding crosslinking between particles. Coupling with glutaraldehyde results in the proteins being bound five to six carbon atoms away from the surface of the particle versus one to two carbon atoms in the case of carboxylated beads coupled with carbodiimide. The effect of varying the particle size and the surface charge density indicated that the immunoreactivity, under the conditions applied, decreases with the size and the particle charge. This evidence was observed in the case of latex MH5, which had the largest particle diameter and the highest surface charge. An explanation of this effect may be attributed to the possible changes in antibody orientation upon adsorption and covalent binding. In Figure 2 (a,b) the electrophoretic mobility of the particles of latices MH3 and MH4, after activation with 0.125% glutaraldehyde, is shown, respectively. It is possible to observe that in the case of the latex MH3, with higher charge (at pH 9.5), the electrophoretic mobility values are close to zero, whereas in the case of latex MH4 (less charged), at pH 9.5, those values are clearly negative. Because the process of adsorption and covalent linking is performed at this pH value, and a dramatic reduction in immunoreactivity from latex MH4 to latex MH3 has been observed, it suggests that the change in the electrical properties of the interface may lead to a different orientation of the antibody molecules and, as a consequence, an inactivation of their immunological properties. The MH4 amino-modified latex, with the smallest particle diameter and the lowest charge density, was selected as the best choice for the particle reagent preparation.
The assay of different antibody concentrations in the activation step is depicted in Figure 3 . Absorbance increases with an increasing amount of immobilized antibody. At an IgG concentration of 0.9 mg/m 2 , the best analytical measurement range and a high covalent coupling efficiency were obtained.
The effect of sodium borohydride was assayed to reduce the imine bond. In Figure 4 , the optimal concentration was 10 mg/mL. When measuring small concentrations of ferritin, the effect of the reducing agent was not significant. Although the addition of a reducing agent is sometimes considered unnecessary to reduce the unstable bonds formed when coupling most large proteins, such as antibodies, we found that an excess of reducing agent improves the immunoreactivity of the reagent prepared in this study, possibly because of a more stable bond between particles amino groups and the aldehyde group formed in the preactivation step.
In all cases the covalent coupling efficiency obtained was between 50 and 80%, indicating that the latex particles prepared, with the optimized protocol, enabled covalent coupling of antibodies in a very efficient way.
The immunoreagent prepared with the optimized protocol was used to quantify serum ferritin by turbidimetry. The prozone effect did not occur for ferritin up to 1500 ng/mL (see Fig. 5 ). The detection limit for ferritin defined as the mean plus 3S of zero signal (saline solution) was 3.5 ng/mL.
The comparison study between the commercial nephelometric method in the BNII analyzer and this turbidimetric assay carried out in the CobasMira Plus analyzer is shown in Figure 6 . The regression analysis with a 0.95 confidence interval gave the following statistical data: slope 0.98 (0.94 -1.02), y intercept Ϫ0.99 (Ϫ7.81 to 5.84); the regression line was y ϭ 0.98x Ϫ 0.99; x ϭ ferritin concentration (ng/mL) measured in BNII, y ϭ ferritin concentration (ng/mL) measured by the CobasMira Plus; and the correlation coefficient (r) was 0.992. These data indicated good transferability between both methods.
CONCLUSIONS
The development of a new latex reagent based on the use of amino latex particles has been presented. Modification of amino groups by reaction with glutaraldehyde resulted in residual aldehyde groups that bind antibodies covalently and improve the reagent stability. The microparticle reagent described in this study provided a highly sensitive and robust particle-enhanced turbidi- metric immunoassay for the assay of serum ferritin.
The amino-modified particles can provide a reagent with immunoreactivity similar to that of carboxylated latex, which could be used to determine other protein and hapten concentrations. 
